One of the unique features of single molecule absorption and emission is their anisotropy due to the well-defined transition dipole͑s͒ for both processes allowing the determination of the molecule's orientation. While polarization-resolved techniques are usually capable of detecting only a projection of the transition dipole, several methods have been proposed in order to determine the full three-dimensional orientation. Here, we report on a detection scheme that allows for a shot-noise limited determination of the emission dipole orientation utilizing an annular mirror, a polarizing beam splitter in conjunction with three detectors in a scanning confocal optical microscope.
Confocal microscopy is a powerful method for imaging of fluorescently labeled biological specimen. The increasing popularity of confocal microscopy is mainly due to the high degree of background suppression and the ability of sectioning of three-dimensional structures. In conjunction with the development of highly sensitive detectors it has paved the way for the application of single-molecule fluorescence detection ͑SMD͒ techniques in life sciences. 1 Besides experiments where a single fluorophore is simply used as an as small as possible label, 2 two more sophisticated single molecule fluorescence methods are increasingly applied, particularly for the study of conformational changes of proteins, namely single pair fluorescence resonance energy transfer ͑spFRET͒ [3] [4] [5] [6] and polarization resolved SMD. [7] [8] [9] [10] Due to the defined orientation of the absorption/emission dipole with respect to the molecular frame, polarizationresolved SMD in principle allows for determination of molecular orientations and thus of conformational dynamics in macromolecules. It is, however, restricted to the component of the orientation vector in the sample plane, leaving a considerable amount of uncertainty if, e.g., the rotation axis is unknown beforehand. In spFRET, on the other hand, the donor-acceptor distance determination based on the transfer efficiency depends on the relative orientations of the donor emission and the acceptor absorption dipole, respectively. Knowledge about this relative orientation would therefore provide valuable additional information.
Several techniques have been proposed and demonstrated to determine the three-dimensional orientation of single molecules. [10] [11] [12] [13] [14] [15] [16] Recently, the possibility of determining the relative orientation in a donor/acceptor pair was demonstrated. 17 However, in this work as in most of the orientation-determination techniques, time-consuming fitting procedures are required. In contrast, Fourkas 18 proposed a method where the signal of three detectors can be exploited to obtain the full orientation information without fitting. Inspired from Fourkas' proposal, we introduce a detection scheme based on a sophisticated distribution of the emitted fluorescence onto three detectors. Compared to Fourkas' proposal our scheme has the advantage of a reduced number of optical components in the detection path thus maximizing the detection efficiency. We demonstrate that our detection scheme allows for shot-noise limited determination of the three-dimensional orientation of the emission dipole of single molecules. Figure 1͑a͒ shows the outline of our experimental setup. It is based on a home-built scanning confocal optical microscope. The light of a solid-state laser ͑Protera, Novalux, Sunnyvale, CA͒ operating at 488 nm ͑continuous wave͒ is a͒ Author to whom correspondence should be addressed; electronic mail: ch.huebner@physik.uni-halle.de fed through an optical fiber, collimated by an achromatic lens and directed by a dichroic mirror ͑z488/633, AHF, Tübingen, Germany͒ to the numerical aperture 1.4 oil-immersion microscope objective ͑Plan Apochromat, Nikon, Melville, NY͒. The fluorescence collected by the microscope objective passes the dichroic mirror and is further filtered by a dielectric long pass filter blocking scattered and back-reflected laser light. The key element in the detection path is a mirror with an elliptical aperture separating the fluorescence into two beams, the central and the outer beam. A polarizing beam splitter cube further divides the central beam into its horizontal and vertical components. The fluorescence light is eventually focused onto three single photon-counting modules ͑SPCM AQ14, Perkin-Elmer, Fremont, CA͒, the pulses of which are fed to a DSP based controller ͑ADWin, Jäger, Lorsch, Germany͒. Sample scanning is implemented by a piezo-driven x-y stage operating in closed loop.
The circularly shaped projection of the elliptical aperture in the mirror in the direction of the detection path translates in angular ranges for the detection of the emitted light from the sample plane. In other words, light emitted in a cone close to the rim of the microscope objective lens is reflected off the mirror while emission close to the optical axis is transmitted. Figure 1͑b͒ illustrates this angular range, where the cutoff angle ␣ c corresponding to an ellipsoidal aperture projected as a circle of 3 mm diameter amounts to ␣ c = 52°. The numerical aperture of the microscope objective corresponds to a detection cone featuring an aperture angle of ␣ r = 67°. The principle of the determination of the angle between the emission dipole and the optical axis ͑polar angle ⌰͒ relies on the anisotropic nature of dipole emission as visualized in Fig. 1͑b͒ : A dipole oriented perpendicular to the optical axis ͑i.e., in the sample plane͒ will emit more light close the optical axis, whereas a dipole perpendicular to the sample plane will emit more light into the rim of the objective. Following the lines of Fourkas' derivation, the emission intensities in the central part ͑I c ͒ and in the rim of the microscope objective ͑I r ͒ can be expressed as ͪ.
͑6͒
It has to be noticed that there is a eightfold degeneracy of the determined orientation due to the symmetry of the dipole and the confocal setup resulting in a range for ⌰ and ⌽ angles from 0°to 90°. Therefore, our method is less applicable for precise absolute orientation measurements but rather aimed to the study of fast orientational fluctuations.
In order to test our method we prepared a sample by spin casting a polymer film from a co-solution of poly͑methyl-methacrylate͒ and perylene diimide ͑PDI͒ in toluene onto a microscope cover slip. The resulting approximately 50-nmthick polymer film contains the PDI chromophores in arbitrary orientations. Figure 2͑a͒ shows the fluorescence intensity image of this sample obtained by adding up the signals from the three detectors. Circularly polarized light at 2 W power was used for excitation, and the sample was covered by immersion oil to fulfill the requirement of a homogeneous refractive index in the vicinity of the dipole. An area of 5 by 5 micrometer was raster scanned in 128 by 128 pixels with a dwell time of 2 ms. Figures 2͑b͒ and 2͑c͒ show the corresponding color-coded images of the angles ⌰ and ⌽. Both values were calculated for fluorescence intensities above a threshold value that was set at three times the average background count rate. The measured intensities were corrected for different detection efficiencies in the respective channels. Fluorescent latex beads featuring isotropic emission were imaged in order to determine the correction factors ͑data not shown͒. The different colors for the various spots representing single dye molecules reflect their arbitrary orientations. The colors of the pixels in individual spots vary due to shot noise.
The low incidence of spots with a low ⌰ representing molecules oriented close to the optical axis can be under- stood keeping in mind that the surface area element in polar coordinates scales with the sine of the polar angle.
Comparing the intensity image ͓Fig. 2͑a͔͒ with the theta image ͓Fig. 2͑c͔͒ one notices that molecules oriented close to the optical axis show a rather weak fluorescence. This is not surprising because the component of the exciting electrical field in the focus parallel to the optical axis is small compared to the perpendicular component. This difference can be, however, compensated for by combining our method with annular illumination, 13 phase masking, 16 or radially polarized laser modes. 19 The distributions of calculated ⌰ and ⌽ angles for 319 presumably arbitrarily oriented molecules are shown in Figure 2͑d͒ . The pixels in a circle of 5 pixels diameter around the maximum of each spot were averaged. Only spots of a size corresponding to the confocal point spread function were analyzed for the sake of discrimination against clusters of molecules. The distributions resemble the main features expected for arbitrarily oriented molecules: The azimuthal angle ⌽ is evenly distributed, and the polar angle ⌰ shows an approximately sinusoidal distribution, although its maximum is located at an angle lower than 90°. This deviation is mainly due to the averaging process in conjunction with shot noise and with the 90°limit imposed on the calculated angles. The ⌰ image of a molecule featuring a real polar angle close to 90°consists of pixels with calculated angles ഛ90°thus shifting the average away from the limits.
We would like to emphasize that the requirement of a homogeneous surrounding is not a strict one, but was implemented here rather for simplicity reasons. The emission distribution of a dipole in heterogeneous structures has been calculated by Enderlein 20 and can be included in the analysis. Another point we would like to stress is that the method presented here can be applied straightforwardly in epifluorescence microscopy. In this case, the annular mirror has to be placed in a conjugate image plane.
In summary, we have demonstrated a technique that allows for rapid determination of the orientation of single dye molecules in three dimensions. The detection scheme can be easily implemented in confocal as well as in conventional microscopes for applications such as investigations of conformational dynamics or rotational diffusion.
